Abstract The non-therapeutic use of androgenic anabolic steroids (AAS) is associated with sudden cardiac death. Despite this, there is no proposed mechanism by which this may occur. Signal-averaged ECG (SAECG) allows the assessment of cardiac electrical stability, reductions of which are a known risk factor for cardiac arrhythmias. The aim of the present study was to examine cardiac electrical stability using SAECG in a group (n = 15) of long-term AAS users (AAS use 21.3 ± 3.1 years) compared with a group (n = 15) of age-matched weight lifters (WL) and age-matched sedentary controls [C (n = 15)]. AS, WL and C underwent SAECG analysis at rest and following an acute bout of exercise to volitional exhaustion. SAECGs were analyzed using a 40 Hz filter and were averaged over 200 beats. Results indicate a non-significant trend for increased incidence of abnormal SAECG measures at rest in AS (P = 0.55). However, AS demonstrated a significantly higher incidence of abnormalities of SAECG following exercise than C or WL (P \ 0.05). In conclusion, the higher incidence of abnormal SAECG measurements immediately post-exercise in the AAS group places them at a greater risk of sudden death. The present study provides a strong contraindication to the use of AAS.
Introduction
The long-term clandestine use of non-therapeutic androgenic anabolic steroids (AAS) in high doses is associated with sudden cardiac death (SCD) [1, 2] . Furthermore, previous work suggests that SCD is under-reported in this population [3] . The link between AAS abuse and SCD is likely to be due to an effect on cardiac electrophysiology [2] ; however, due in part to the difficulty in determining effects of AAS on the cardiac conduction, AAS toxicity in this system has not been extensively studied.
The presence of electrical 'turbulence' at the end of QRS portion of ventricular depolarization has been suggested as a method of assessing electrophysiological stability. The 'turbulence' represents small areas of the cardiac tissue that are depolarizing later than the majority of the surrounding muscle tissue and is termed late potentials (LP) [4] . LP are measured by signal averaging several hundred QRS complexes from a standard 12-lead ECG (SAECG) in order to reduce the signal to noise ratio. This allows for analysis of the latter portion of the QRS complex to determine whether late potentials are present [4] . The presence of abnormal SAECG measures increases the risk of conduction abnormalities as they provide a re-entry mechanism for ventricular tachycardia [4, 5] .
Abnormal SAECG measures are thought to occur due to the excitation wave being blocked as it passes through adjacent cells. The electrical block is thought to be caused by increased intra-cellular space or the presence of nonconductive tissue such as collagen or fibrosis electrically isolating adjacent cells [6] . AAS use has been associated with fibrosis [7] , increased extra cellular collagen content [8] as well as cardiac lesions, apoptosis and an increased intercellular space [9] .
Additionally, efforts to understand the link between AAS use and myocardial damage have focused on cardiac structure and function with numerous authors reporting negative resulting effects [3, [10] [11] [12] . However, the majority of studies have looked at the effects of AAS following short-to medium-term use (*5 years) with more prolonged AAS use (*20 years) having received far less attention [13] . It is likely that negative cardiovascular effects are more pronounced following prolonged AAS use.
We hypothesized that the incidence of abnormal SAECG would be greater in regular prolonged users of AAS (*20 years) compared to weight-trained age-matched non-AAS-using controls.
Materials and Methods

Subjects
Ethical approval for the study was obtained from the university ethical committee. Prior to testing, all subjects attended the laboratory to familiarize themselves with the requirements of maximal exercise testing and SAECG measurements. Following his and having read experimental details and received verbal explanation regarding the purpose of the testing, all provided written consent. AAS-using participants were recruited from a database of subjects who had been involved in previous studies, [14] and from notices placed on bodybuilding web sites. Subjects comprised of three age-matched groups: long-term AAS users (steroid use spanning 21 ± 3.1 years, n = 15 (AS)) a group of non-AAS-using, age-matched weight lifters (WL (n = 15; training: 18 ± 2.2 years)) and a group of age-matched sedentary controls (C, n = 15). No subject reported any history of syncope, cardiovascular disease or bouts of tachyarrhythmia. Urinalysis was performed at an accredited International Olympic Committee (IOC) laboratory to provide confirmation of AAS use and to eliminate potential positive samples.
Signal-Averaged ECG
All data collection took place in the same institutional research laboratories, with electrode placement, ECG and exercise testing performed by the same experienced investigator. All measures where taken at the same time of day ±0.5 h to control for potential diurnal variation. Subjects lay supine for 20 min then had a standard 12 lead ECG attached to their chest and underwent a resting ECG using commercially available equipment (CardioVit AT-60 Schiller, Sweden). SAECG analysis uses an algorithmic calculation of the 12 standard leads to produce the X, Y and Z vectors using the previously validated method of Simpson [15] . Signal acquisition limits were a minimum of 200 accepted QRS complexes using a bi-directional Butterworth 40-250 Hz band pass filter. LP filtering was accepted when noise levels were B0.3 lV. From the signal averaging process, the following measurements were derived: high frequency QRS duration (HF QRS C114 ms considered abnormal), root mean squared voltage of the last 40 ms of the potential (RMS 40 C 20 lV considered abnormal) and the duration of the low amplitude (\40 lV) high frequency signal (LAHFd C38 ms considered abnormal; [4, 16] . Following resting, SAECG assessment subjects underwent an incremental treadmill exercise test using the Bruce protocol to volitional exhaustion. During the test, online gas analysis (Spiromed, Medgraphics Inc.,) enabled determination of _ VO 2Max . Following the test, subjects lay supine for a second LP assessment using identical settings.
Blood pressure was recorded using manual auscultation in all. Resting pressures were measured following a 10-min supine rest from the brachial artery. Post-exercise measures were taken with the subjects moved to a supine position and within 2 min of the cessation of exercise. In order to minimize intra-observer variability, all blood pressure measures were taken using the same calibrated mercury sphygmomanometer.
Statistical Analysis
Data were analyzed using the MedCalc statistical package. Since subjects were categorized for each variable as either normal or abnormal, non-parametric data analyses were employed, with frequencies of normal and abnormal SAE-CG being recorded for each group. Within each group, there was a maximum frequency of 45 (3 SAECG measures with 15 participants per group). Differences between observed and expected abnormal frequencies were calculated using Fishers exact statistic test. This is preferred to a standard chi-squared test when some frequency counts are expected to be low [17] . Significance was set at the P B 0.05 level. Data are presented as frequency of abnormal LP findings. Power analyses for the Fischer's exact test were performed using the PS Power and Sample Size Software (V3) with power being 0.801. Differences in blood pressure were assessed using a mixed-design ANOVA.
Results
There were no differences between WL, C or AS with respect to age, height or aerobic capacity. AS were significantly heavier than WL and C (Table 1) . At rest and immediately post-exercise, AAS demonstrated significantly higher diastolic blood pressure relative to WL and C. There were no differences between groups in systolic pressure either at rest or post-exercise (see Table 1 ).
At rest, both WL and C had a frequency of 1 from 45 SAECG measures being abnormal (HFQRS [ 114 ms in both cases). In AS at rest, there was a frequency of 6 abnormal SAECG measures. (2 subjects with abnormal SAECG in one criteria (HFQRS [ 114 ms) and 2 subjects with 2 abnormal criteria (RMS40 ms \ 20 lV; HFQRS [ 114 ms; Fig. 1 ).
During maximal exercise testing, no subjects from either group developed ST-segment depression suggestive of underlying ischemia. Post-exercise, neither WL nor C, had any abnormal SAECG measurements while AAS had 11 from 45 abnormal measures [1 subject HFQRS [ 114 ms and RMS40 \ 20 lV and 3 subjects with all 3 abnormal SAECG measures (HFQRS [ 114 ms, RMS40 \ 20 lV and LAHFd [ 38 ms)].
Statistical analyses revealed that at rest, there was a nonsignificant trend for a higher incidence of abnormal SAECG in AS (P = 0.55). Following exercise, the AS displayed a significantly higher incidence of abnormal SAECG compared with C or WL (P \ 0.05) ( Table 2 ).
Discussion
The results of this study demonstrate a significant higher incidence of abnormal SAECG in long-term AAS users post-exercise compared with controls. These represent signals at the end of the QRS complex and are due to areas of cardiac tissue undergoing delayed electrical conduction [4] . There is a strong body of evidence linking AAS use to SCD [1, 2, [18] [19] [20] and even this is likely to under-represent the number of deaths [3] . While AAS users often present with increased cardiac mass and left ventricular hypertrophy (LVH), the link between AAS use and cardiac electrical instability has received little attention in the sports medicine literature. Fig. 1 Frequency of normal and abnormal signal-averaged ECG measures (SAECG) for AAS users (AS) and non-using weight lifters (WL) and sedentary controls (C). Asterisk denotes P \ 0.05 for frequency distribution in AS versus C and WL At rest, the incidence in C and WL is similar and is in line with previous literature [6] . The frequency in AS at rest is less than that reported by Moroe et al. [21] who found 33% (2 from 6) incidence in weight lifters, although the low subject numbers make interpretation difficult. Furthermore, it was unreported by Moroe and colleagues [21] whether their weight-lifting subjects were engaged in AAS administration. Furthermore, the elevated blood pressure at rest in the AS group has been previously reported [11] .
Following exercise, there were no LP in WL or C which again, is in keeping with a healthy cardiac response [4] . In AS, four individuals demonstrated worse SAECG measures following exercise. This indicates that long-term AAS use may be responsible for an alteration in the electrophysiology of the myocardium in these subjects. Furthermore, since the abnormal SAECG indicates a re-entry mechanism for arrhythmias [5] and since the sympathetic drive during an acute bout of exercise reduces ventricular fibrillation threshold [22] , these subjects will be at an increased risk of tachyarrhythmia and potential SCD following exercise.
Infiltration of cardiac tissue by collagen, fibrosis or increased inter-cellular space resulting from apoptosis is potential causes of LP [6] . Similarly, AAS use is associated with fibrosis [23] , increased collagen growth [8] and more recently apoptosis [9] . It is therefore plausible that long-term AAS use, as is the case here, could cause cardiac alterations that impact upon the conductive system. LVH per se has also been suggested as a cause of altered SAECG measures due to alterations in calcium handling [24] . Correspondingly, each of the four AAS users who demonstrated LPs had evidence of LVH on their ECG (SV1 ? RV5 [ 25 mm). However, six of the remaining 11 participants in the AS group also demonstrated ECG evidence of LVH.
The development of SAECG abnormalities post-exercise can also be caused by ischemia of cardiac tissue as is frequently found in post-infarct patients. The combination of an elevated heart rate and insufficient oxygen supply uncovers electrophysiological instability that is not evident at a slower sinus rhythm [22] . In the present study, these alterations occurred post-exercise, without any evidence of ST segment depression during maximal exercise testing which may suggest that other mechanisms are responsible.
It is important to highlight that AAS use is associated with a variety of other negative cardiovascular risk factors, including altered blood lipid and lipoprotein levels [25] , elevated blood pressure [11] , increased levels of aldosterone [26] , increased hematocrit [27] , homocysteine [3] and reduced dilation of coronary vascular beds [28] . Given the propensity of these factors to induce ischemia, the additional presence of SAECG abnormalities may further aggravate cardiovascular risk. The present study adds to the body of literature regarding the negative health effects of AAS use and is suggestive of pro-arrhythmic consequences. 
